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Wind-tunnel tests have  been  conducted t o  examine the  use  of wing leading-edge 
dev ices   fo r  improved  subsonic  and  transonic maneuver performance.  These  devices were 
t e s t e d  on a f igh te r   con f igu ra t ion  which u t i l i zed   supercr i t ica l -wing   technology.  The 
conf igura t ion  had  a leading-edge  sweep of 45O and  an   aspec t   ra t io  of  3.28. The tests 
were conducted a t  Mach numbers  of 0.60 and 0.85 with  angles  of a t t a c k  from -0.5O 
to  22O. A t  both Mach numbers, sharp  leading-edge  f laps  produced  vortices which 
g r e a t l y  altered the   f low  pa t te rn  on the  wing  and r e s u l t e d   i n   s u b s t a n t i a l   r e d u c t i o n s  
i n   d r a g  a t  h i g h   l i f t .  A t  a Mach number of 0.60, d e f l e c t i o n  of t h e   f l a p s  w a s  e f f ec -  
t i ve   fo r   d rag   r educ t ion .  The e f f e c t  of f lap   chord  was much sma l l e r   t han   t he   e f f ec t  
of f l a p   d e f l e c t i o n .  A t  a Mach number of 0.85, a large  undeflected  f lap  produced 
s ign i f i can t   d rag   r educ t ion .  Underwing or   pylon-type  vortex  generators   a lso  reduced 
d r a g   a t   h i g h   l i f t .  The vortex  generators  worked b e t t e r  a t  a Mach number of 0.60. 
The vo r t ex   gene ra to r s   qave   t he   bes t   ove ra l l   r e su l t s   w i th   ze ro   t oe - in   ang le  and when 
mounted on e i the r   t he   ou tboa rd   pa r t  of  the wing o r   a t  both  an  outboard  location  and 
halfway  out  the  semispan. Both the   f l aps  and the   vor tex   genera tors  had a m5.nor 
e f f e c t  on the   p i t ch ing  moment. F luorescent   min i tuf t s  were  found t o  be u s e f u l   f o r  
f l ow  v i sua l i za t ion   a t   t r anson ic  maneuver condi t ions.  

INTRODUCTION 

Recent  developments i n  the  aerodynamic  design of highly  maneuverable  combat 
a i r c r a f t   i n c l u d e   t h e   a p p l i c a t i o n  of supercr i t ica l -a i r fo i l   t echnology.   This   type  of 
technology  has  been  uti l ized on wings  with  moderate  aspect  ratios and leading-edge 
sweep  angles  to  reduce  the  shock-induced  f low  separation a t  transonic.maneuver con- 
d i t i o n s .  For conditions  approaching maximum l i f t ,  however,  these  wings still develop 
extensive  regions  of  separated  f low. This flow  separation  produces  high  levels of 
drag and u s u a l l y  results i n  wing bu f fe t ing  and a general  degradation  of  aerodynamic 
c h a r a c t e r i s t i c s .  

The present   experimental   s tudy  has  examined the  use of  wing leading-edge  devices 
to   reduce   the   f low  separa t ion  on the  wing and ,   therefore ,   to   lower   the   d rag   a t  maneu- 
ver   condi t ions.  The devices   tes ted  include  sharp  leading-edge  f laps  (SLEF) and 
underwing or   pylon-type  vortex  generators  (VG). These devices  were  used t o  enhance 
the  subsonic   and  t ransonic  maneuver c a p a b i l i t y  of  a s u p e r c r i t i c a l  maneuvering 
f i g h t e r .  The tests were conducted  in  the  Langley 7- by 10-Foot  High-speed  Tunnel a t  
Mach numbers  of 0.60 and  0.85  and f o r   l i f t   c o e f f i c i e n t s  up t o   a b o u t  1. 

The current  study  has  addressed  only  the  application  of  leading-edge  devices  to 
t h e  wing  geometry  required  for maneuver condi t ions.  It is recognized,  of  course, 
t h a t  some form  of variable  geometry would be requi red   to   p rovide   the  wing s h a p e s   f o r  
bo th   the   des i red  maneuver  and cruise condi t ions.  This type of variable  geometry  has 
not  been  examined i n   t h i s   s t u d y .  

A s tudy  has   a lso  been made of the   use   o f   f luorescent   min i tuf t s   fbr   f low  v isua l -  
i z a t i o n  a t  t ransonic  maneuver condi t ions .  The t u f t s  were  used to   s tudy   the   f low  sep-  
a r a t i o n  on a s u p e r c r i t i c a l  wing with  and  without  vortex  generators.  



SYMBOLS 

All forces   and moments are r e l a t i v e  to the wind axes. The moments are refer- 
enced t o  a center -of -gravi ty   loca t ion   of  50.34 percent   o f   the  mean aerodynamic  chord. 
(See f i g .   l ( a ) . )   F o r c e  and moment c o e f f i c i e n t s  are based  on  the  geometry of t h e  
basic t r a p e z o i d a l  wing  extended to  the model center   l ine .   (See  table I.) Dimensions 
are g i v e n . i n   t h e   I n t e r n a t i o n a l  System  of  Units ( S I )  w i th   t he  U.S. Customary  Units i n  
parentheses.  
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The measurements  and  calculations were made i n  U.S. Customary  Units. 
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qs 
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qs 

pitching-moment  coefficient,  P i tch ing  moment 
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p r e s s u r e   c o e f f i c i e n t ,  

l o c a l  wing chord, cm ( i n .  

mean aerodynamic  chord, c m  ( i n . )  

free-stream Mach number 

free-stream s t a t i c  p res su re ,  N/m2 ( l b f / f t 2 )  

l o c a l  s t a t i c  p res su re ,  N/m2 ( l b f / f t 2 )  

free-stream  dynamic  pressure,  N/m2 ( l b f / f t 2 )  

wing r e fe rence  area, m 2  ( f t 2 )  

l o c a l   d i s t a n c e  measured a f t  from  wing leading  edge,  paral le l  to   p l ane   o f  

q 

symmetry, cm ( i n . )  

spanwise  distance  from  plane  of symmetry, c m  ( i n . )  

angle  of a t t a c k ,   r e f e r e n c e d   t o   h o r i z o n t a l   r e f e r e n c e   l i n e   i n   f i g u r e   l ( a ) ,  deg 

sharp   l ead ing-edge   f lap-def lec t ion   angle ,   pos i t ive   wi th   l ead ing   edge  down 
( f i g .  l ( c ) ) ,  deg 

semispan loca t ion ,   y / (b /2)  

vortex-generator  toe-in  angle,  posi t ive toward  fuselage  ( f ig .  1 ( e )  1,  deg 

Subscr ip t :  

i in te rna l   f low- through  nace l le  
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Abbreviations:  

SLEF sharp  leading-edge  f laps  

VG vor t ex   gene ra to r s  

APPARATUS AND TESTS 

Model Descr ipt ion 

Drawings  of the wind-tunnel model are shown i n   f i g u r e  1. Several  photographs  of 
t he  model are shown i n   f i g u r e  2, and the gene ra l   geomet r i c   cha rac t e r i s t i c s  are given 
i n  table I. The conf igura t ion   represents  a highly  maneuverable   combat   a i rcraf t   wi th  
a wing  leading-edge  sweep  of 45O and  an aspect ratio of 3.28. The model is ‘a, midwing 
configurat ion  with  the  upper   surface  of  the wing  blended  into  the  fuselage.  (See 
f i g .   l ( b ) . )  The wing-root  incidence is approximate ly   lo ,  and there is approximately 
I O o  of t w i s t  (washout)  between  the  root  and  t ip.  

The sharp  leading-edge  f laps  (SLEF) are an  adaptat ion  of   the  vortex-f lap  concept  
of Rao. (See r e f .  1. ) However, the  intended  purpose  of  the SLEF w a s  t o   i n f l u e n c e  
the  f low  over   the  ent i re   chord  length  of   the wing, i n   c o n t r a s t   t o   t h e   p u r p o s e   o f  
r e fe rence  1 which w a s  t o   i nc rease   t he   l ead ing -edge   t h rus t  by means of a vor tex  s i t -  
uated on t h e   f l a p   i t s e l f .  

The SLEF and the   a s soc ia t ed   f ences  are shown i n   f i g u r e s   l ( c )  and l ( d ) ,   r e s p e c -  
t i v e l y ,  and the  SLEF g e o m e t r i c   c h a r a c t e r i s t i c s  are g i v e n   i n   t a b l e  I. Two cons tan t -  
chord SLEF conf igu ra t ions  and a tapered  SLEF were t e s t ed .  The tapered SLEF w a s  
designed  to   account   for   the  spanwise  growth of t h e   v o r t e x   i n   s i t u a t i o n s  where t h e  
vo r t ex  happened t o  l i e  on t h e  SLEF. The la rge   fence  w a s  t e s t e d  w i t h  t he   l a rge  SLEF, 
and the  small fence w a s  t e s t e d  on the small and  tapered SLEF. Cer ta in  SLEF geome- 
tries were tes ted   wi th   the   fences  removed. 

The design  of   the  vortex  generators  (VG) is  based on t h e  work of re ferences  2 
and 3. The geometr ic   de ta i l s   and  wing loca t ions  of t he  VG are g i v e n   i n   f i g u r e   l ( e )  
and table I. 

Two s u p e r c r i t i c a l  wings  have  been  used t o  assess t h e   a b i l i t y  of these  leading-  
edge  devices   to   reduce  subsonic   and  t ransonic  maneuver drag.  These  wings are i d e n t i -  
f i e d  as conf igu ra t ions  1 and 2 of   the SMF-2 ( s u p e r c r i t i c a l  maneuvering f i g h t e r )  wing 
and are comple t e ly   desc r ibed   i n   r e f e rence  4. Both wings  have ident ica l   p lanforms.  
Figure l ( f )   g i v e s  .a comparison of the a i r f o i l   s e c t i o n s   f o r   t h e  two wings. 

Configurat ion 1 w a s  designed  to   reduce  the  shock-induced  f low  separat ion a t  a 
Mach number of 0.90 and a wing l i f t   c o e f f i c i e n t  of 0.86.. Configurat ion 1 developed 
s t rong  shock waves  and ex tens ive   f low  separa t ion  a t  a Mach number of 0.85. ,Conf ig-  
u r a t i o n  2 w a s  designed  both  to  reduce  the  shock-induced  f low’  separation  and.. the 
a t t e n d a n t  maneuver d rag   pena l t i e s ,  which  occurred on conf igu ra t ion  3 a t  a Mach number 
of 0.85, and to   main ta in   the   per formance   of   conf igura t ion  1 a t  ‘the .h igher   t ransonic  
Mach numbers. 

The tests fo r   t he   cu r ren t   s tudy   i nvo lved  t w o  separate i n v e s t i g a t i o n s   i n  which 
the  SLEF were t e s t e d  on conf igu ra t ion  2 and the VG were t e s t e d  on conf igu ra t ion  1.  
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Tests and  Correct ions 

The i n v e s t i g a t i o n  was conducted i n   t h e   L a n g l e y  7- by  10-Foot  High-speed  Tunnel. 
This is a cont inuous-f low,   s ingle-return  a tmospheric   tunnel  w i t h  a closed, rectangu- 
l a r  test s e c t i o n .  A d e s c r i p t i o n  of the   t unne l  is g i v e n   i n   r e f e r e n c e  5. 

The tests were run a t  Mach numbers of 0.60 and 0.85. The Reynolds  number,  based 
on t h e  wing mean aerodynamic  chord,  varied from 2.5 x 1 O6 a t  M = 0.60 t o  3 .O x 1 O6 
a t  M = 0.85. The angle  of attack w a s  varied from -0.5O t o  22O. 

Boundary-layer   t ransi t ion strips 0.32 c m  (0.1 25 in . )   wide were appl ied  t o  t h e  
model. (See ref. 6.) No. 120  carborundum  grains were a p p l i e d  1 c m  (0.4 i n . )  stream- 
wise behind  the  leading  edges of the  wings  and ver t ical  t a i l .  No. 100  gra ins  were 
appl ied  2.8 c m  (1.1 . i n .  ) behind  the  nose  and 1 cm (0.4 i n .  ) b e h i n d   t h e   i n l e t  of the 
n a c e l l e   ( o u t s i d e   o n l y ) .  

Aerodynamic forces   and moments were measured  by  an  internal  six-component 
s t ra in-gage  balance.  The angle   o f   a t tack  w a s  measured  by a pendu lous ,   i ne r t i a l ,  
s ing le-ax is  accelerometer (closed-loop type) mounted i n s i d e   t h e  model. The da ta   have  
been  corrected  for  blockage  and l i f t   i n t e r f e r e n c e  by t h e  methods  of  references 7 
and 8, r e s p e c t i v e l y .  The f o r c e  data have  been corrected to  a condi t ion  of  free- 
stream s ta t ic  p r e s s u r e  over the   fu se l age  base. The i n t e r n a l   d r a g  of the  f low- 
through  nacelle  has  been  subtracted  from  the  measured  drag. The values  of i n t e r n a l  
drag are g i v e n   i n  table 11. These values  of were measu red   fo r   t h i s   fu se l age  
wi th  a similar wing  geometry  during a test i n  tRe Langley 8-Foot Transonic   Pressure 
Tunnel .   L inear   in te rpola t ion   of   the   va lues   in  table I1 w a s  used for i n t e r m e d i a t e  
values   of   angle   of   a t tack  and Mach number, a n d   l i n e a r   e x t r o p o l a t i o n  w a s  used for 
ang le s   o f   a t t ack  above the  range of t h e   t a b l e .  

,i 

The wing w a s  ins t rumented   wi th   f lush-sur face   s ta t ic -pressure  orifices. The 
orifices were d i s t r i b u t e d   i n  streamwise rows over  the  upper-right  and lower-left wing 
panels .  The o r i f i c e s  were located a t  semispan   s ta t ions  of q = 0.30,  0.45,  0.80,  and 
0.90. A l l  su r f ace   p re s su res  were recorded by the   u se   o f   d i f f e ren t i a l -p re s su re   s can -  
ning  valves  mounted i n   t h e   n o s e   s e c t i o n   o f   t h e  model. 

A s tudy  w a s  made o f   t he   u se   o f   f l uo rescen t   min i tu f t s  t o  provide f l o w  v i s u a l i z a -  
t i o n  a t  t r a n s o n i c   h i g h - l i f t   c o n d i t i o n s .  (See refs. 9 and  10.) The m i n i t u f t s  were 
t e s t e d  a t  a Mach number of 0.85 on the  configurat ion-1  wing  with  and  without   the VG 
(where t h e  VG were loca ted  a t  q = 0.50 and  0.75  with 4 = 0 " ) .  

The t u f t s  were made of  very  thin  nylon  monofilament material which  had been 
t r e a t e d  so t h a t  it f luoresced  when exposed to  u l t r av io l e t   l i gh t .   Monof i l amen t  diam- 
eters of  approximately 0.0018 c m  (0.0007  in.)  and  approximately 0.013 c m  (0 .005  in . )  
were t e s t ed .  The monofilaments were la id   chordwise  across t h e  wing a t  various  span 
s t a t i o n s ,  and small drops  of  glue were placed  on  the  monofilament a t  se lec ted   chord-  
wise locat ions.   After   the   glue  had  dr ied,   the   monofi laments  were c u t  a t  the  forward 
edges   o f   the   g lue   do ts ,   which   c rea ted   an   a r ray   o f   tu f t s   on   the  upper sur face   o f   bo th  
wing  panels. A water-soluble   white   glue w a s  used  which  could be e a s i l y   p e e l e d   o f f  
a f t e r   t h e  tests were completed.   Therefore,   the  use  of  chemicals  which  might  have 
d i s s o l v e d   t h e   f i l l e r  material used to  bui ld   up   par t s   o f   the  wing  geometry was 
avoided. 

The t u f t   l e n g t h  w a s  v a r i e d   i n   o r d e r   t o   s t u d y   t h e   e f f e c t  of length  on t h e   f l e x i -  
b i l i t y   r e q u i r e d  t o  respond to  t h e  local f low  condi t ions.  A length  of  1 c m  (0.4  in.)  
w a s  used  on t h e   r i g h t  wing,  and a length  of  1.5 c m  (0.6 i n .  ) w a s  used  on  the l e f t  

4 



wing. The spanwise  spacing  of the t u f t s  w a s  a d j u s t e d  t o  avoid  interference  between 
t h e   t u f t s  or be tween  the   tu f t s   and   the   p ressure  orifices. 

PRESENTATION  OF  RESULTS 

The r e s u l t s   o f  this s tudy  are p r e s e n t e d   i n  the fo l lowing   f igures :  

Figure 
Conf igura t ion-2   supercr i t ica l  wing: 

E f f e c t  of fence   on   longi tudina l   aerodynamic   charac te r i s t ics  

Effect of SLEF d e f l e c t i o n   a n g l e  on longi tudinal   aerodynamic 

E f f e c t  of SLEF chord  length  on  longi tudinal   aerodynamic 

Summary o f   l ong i tud ina l   aeo rdynamic   cha rac t e r i s t i c s   o f  

Ef fec t   o f  SLEF chord  length on the  longi tudinal   aerodynamic 

Longi tudina l   aerodynamic   charac te r i s t ics  of SLEF with 6 = Oo 

Effec t   o f  SLEF on  wing  upper-  and  lower-surface  pressure 

Oil-f low  pat terns  a t  M = 0.60 with  and  without  the small SLEF. 

Oil-f low  pat terns  a t  M = 0.85 with and wi thou t   t he   l a rge  SLEF. 

a t  M = 0.60. Small SLEF; 6 = 20° ................................... 
c h a r a c t e r i s t i c s  a t  M = 0.60 ........................................... 
c h a r a c t e r i s t i c s  a t  M = 0.60 ........................................... 
constant-chord SLEF a t  M = 0.60. 6 = 20° ............................ 
c h a r a c t e r i s t i c s  a t  M = 0.85. 6, = 20° ................................ 
a t  M = 0.85 ........................................................... 
c o e f f i c i e n t s  ........................................................... 
6 = 20° ............................................................... 
6 = Oo; fence   o f f  ..................................................... 
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Conf igura t ion-1   supercr i t ica l  wing: 
Effect of VG toe- in   angle   on   longi tudina l   aerodynamic   charac te r i s t ics  

Effect   of   spanwise  locat ion  and number of VG on l o n g i t u d i n a l  

Summary of l ong i tud ina l   ae rodynamic   cha rac t e r i s t i c s   o f  VG with 4 = Oo 

Effec t   o f  VG on long i tud ina l   ae rodynamic   cha rac t e r i s t i c s  a t  M = 0.85. 

Ef fec t   o f  VG on wing  upper-  and  lower-surface  pressure  coefficients.  

M i n i t u f t   p a t t e r n s  a t  M = 0.85 with  and  without VG. 

Effect o f   min i tu f t s  on long i tud ina l   ae rodynamic   cha rac t e r i s t i c s  

a t  M = 0.60. VG a t  q = 0.50 and 0.75 ................................ 1 2  

aerodynamic   charac te r i s t ics  a t  M = 0.60. 4 = 5O ...................... 1 3  

a t  M = 0.60. VG a t  q = 0.50 and 0.75 ................................ 14 

VG a t  q = 0.50 and  0.75; 4 = Oo ...................................... 15 

VG a t  q = 0.50  and 0.75; I$ = Oo ...................................... 16 

VG a t  q = 0.50 and 0.75; 0 = Oo ...................................... 1 7  

a t  M = 0.85 ........................................................... 1 8  

DISCUSSION OF  RESULTS 

Supercr i t ica l   a t tached-f low  technology w a s  used i n   r e f e r e n c e  4 t o  improve t h e  
maneuver  performance  of  the SMF-2 f i g h t e r .  The purpose of the   p resent   s tudy  is to  
enhance   fur ther   the  maneuver performance  of this f i g h t e r  a t  subsonic   and  t ransonic  
speeds by the  use  of  wing  leading-edge  devices. The leading-edge  devices were 
intended to  genera te  vortices which would favorably a l t e r  the   f l ow  pa t t e rn  a t  h i g h  
l i f t   c o e f f i c i e n t s  a n d   r e s u l t   i n  less flow  separation  and a r educ t ion   i n   t he   d rag .  
The concept ,   then,   involves   supercr i t ical   a t tached-f low  technology,   supplemented  by 
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leading-edge  or  vortex  devices,  where  the la t ter  are intended  to   enhance  the perfor- 
mance a t  maneuver condi t ions  and  to   cause a neg l ig ib l e   d rag   i nc rease  a t  moderate or 
low l i f t   c o e f f i c i e n t s .  

The leading-edge  devices  have  been  tested a t  Mach numbers of 0.60 and  0.85. A 
Mach number of  0.60 creates e s s e n t i a l l y  a subson ic   cond i t ion   w i th   supe rc r i t i ca l   f l ow 
conf ined   to   the  wing leading  edge a t  t h e   h i g h e r   l i f t   c o e f f i c i e n t s   t e s t e d .  (The crit- 
ical  pressure   coef f ic ien t   based  on wing  leading-edge sweep angle  is -1.596.) A Mach 
number  of  0.85 c r e a t e s  a t ransonic   condi t ion   wi th  a la rge   reg ion  of  embedded super- 
sonic  flow  and  shock  waves. 

The sharp  leading-edge  f lap (SLEF) has  been  tested on the  configurat ion-2  super-  
cr i t ical  wing ( f i g .  1 ( f )  ), and the   vor tex   genera tor  (VG) has  been  tested on the  
conf igu ra t ion -1   supe rc r i t i ca l  wing. The r e s u l t s   f o r   t h e  SLEF w i l l  be discussed 
f i r s t .  

SLEF Resul t s  

Aerodynamic c h a r a c t e r i s t i c s  a t  M = 0.60.- Figures 3 t o  6 show t h e   e f f e c t  of   the 
SLEF on the   longi tudina l   aerodynamic   charac te r i s t ics  a t  a Mach number of 0.60. Fig- 
ure  3  shows the  results f o r   t h e  small SLEF d e f l e c t e d   t o  20° with  and  without  the 
fence.  It can   be   seen   tha t   the   e f fec ts   o f   the   fence   a re   negl ig ib le   a t   th i s  Mach 
number and, t he re fo re ,  it w i l l  be assumed t h a t   t h e s e   e f f e c t s  can be ignored i n  com- 
par i sons   o f   d i f fe ren t   f lap   geometr ies .  

The e f f e c t  of f lap-def lec t ion   angle  is shown i n   f i g u r e  4 for   both  the small and 
l a r g e   f l a p s .  A l l  f l a p   c o n f i g u r a t i o n s ,   i n c l u d i n g   z e r o - d e f l e c t i o n   a n g l e ,   s i g n i f i c a n t l y  
r e d u c e   d r a g   f o r   l i f t   c o e f f i c i e n t s  above 0.8. As t he   f l ap -de f l ec t ion   ang le  is 
increased,   the   drag is progressively  decreased.  A t  a l i f t   c o e f f i c i e n t  of 1.0, 
d e f l e c t i n g   e i t h e r   f l a p   t o  20° reduces   the   d rag   coef f ic ien t  by about 0.04 
(400 counts).  There i s  some drag  penal ty  a t  l o w  l i f t   c o e f f i c i e n t s ;  however, it i s  
expected  that   such a dev ice   cou ld   be   r e t r ac t ed   t o   e l imina te   t h i s   d rag   pena l ty .   F ig -  
ure 5 shows t h e   e f f e c t  of f l ap   chord   l eng th   fo r   de f l ec t ion   ang le s  of Oo and 20°. 
Changes in   the   f lap   chord   have  a r e l a t i v e l y   s m a l l   e f f e c t  on t h e   d r a g   a t   h i g h   l i f t  
c o e f f i c i e n t s .   F i g u r e   5 ( b )   i l l u s t r a t e s   t h a t   t h e   t a p e r e d  SLEF does  not  have  any  advan- 
tage  over  the  constant-chord SLEF. Figure 6 summar izes   the   resu l t s   for   the  SLEF 
which  produced  the  greatest  drag  reduction a t  a Mach number of 0.60 (a f l a p   d e f l e c -  
t i o n  of 20O).  For the sake of c l a r i t y  and s ince   t he   t ape red  SLEF did  not  show any 
advantage  over  the  constant-chord SLEF, r e s u l t s   a r e  shown on ly   fo r   t he   l a rge  and t h e  
small  cons  tant-chord SLEF. 

Figures  4 t o  6 show t h a t   f o r  a Mach number of 0.60, t h e   e f f e c t  of the  SLEF on 
the   p i tch ing  moment is small. 

oil-flow  photographs  and wing p r e s s u r e   d i s t r i b u t i o n s   a t  M = 0.60.- Oil-flow 
photographs for  a Mach number of 0.60 a r e  shown i n   f i g u r e  10. The photographs show 
t h e   e f f e c t s  of the   smal l  SLEF d e f l e c t e d   t o  20° with and without  the  fence.   Results 
cover  the  angle-of-attack  range  from 8.39' t o  20.07O. Selected wing p r e s s u r e   d i s t r i -  
bu t ions  which  correspond  to some of t he  same condi t ions  are shown i n   f i g u r e s   9 ( a )  
and 9 ( b ) .  

A t  angles  of  at tack  of 8.39O and 13.88O ( f i g s .   1 0 ( a )   t o   1 0 ( e ) ) ,   t h e   o i l   f l o w s  
ind ica t e   t ha t   t he   f l ow is p redominan t ly   a t t ached   fo r   a l l   con f igu ra t ions  and t h a t  
t h e r e  is a snag  vortex coming  from the  inboard  edge  or  "snag" of the  SLEF. Only the  
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angle   of   a t tack of 13.88O corresponds  to   condi t ions  where  the SLEF produced  any  sig- 
n i f i can t   d rag   r educ t ion  (CL 0.84). 

As the   angle   of   a t tack is inc reased   t o  17.18O, t h e   p l a i n  wing (SLEF o f f )   h a s  a 
large  region  of   separat ion a t  t h e   t i p ;  and a t  20.07O, almost the   en t i r e   uppe r   su r f ace  
is  separated.   (See  f igs .  1 O( f 1 and  10( i 1 . I  As shown i n   f i g u r e  6, these  angles  of 
a t t ack   co r re spond   t o   va lues   o f   t he   l i f t   coe f f i c i en t  ( n e a r  u n i t y )  where the  SLEF pro- 
duced s i g n i f i c a n t   r e d u c t i o n s   i n   d r a g .  The oi l - f low  photographs   in   f igures   10( f )  
to  1 O (  j ) show t h a t   t h e   a d d i t i o n  of t he  SLEF to  the  wing s t r o n g l y  alters the  f low 
p a t t e r n  a t  both  angles   of   a t tack.  The changes a t  these   angles  of a t t a c k   a r e  similar I 

but  more pronounced a t  20.07O, where the  f low seems to  be d iv ided   in to   th ree   reg ions .  
( S e e   f i g .   l O ( j ) . )  The inboard  region still e x h i b i t s   t h e  same separa ted   charac te r  
that   occurred  with  the SLEF o f f .  The middle  region is  a s t r i p  of rather  chordwise 
flow  which  appears to be  dominated by the  snag  vortex  emanating  from  the  inboard  edge 
of  the SLEF. This vor tex  is blocking  the  spanwise  flow  from  the  inboard  region. The 
spanwise  flow is so s t r o n g   t h a t   t h e   v o r t e x  is bent  outward  toward  the wing t i p .  The 
flow in   t he   ou tboa rd   o r  t i p  reg ion   has   a l so   been   a l te red  by the  presence  of  the SLEF. 
This  region  of  the wing apparently  has a forced   separa t ion  a t  the  sharp  leading  edge 
of t h e   f l a p  which is r o l l i n g  up i n t o  a rotating-vortex  type  of  f low. The p res su re  
d i s t r i b u t i o n s  of f i g u r e s   9 ( a )  and 9(b)   p rovide  some suppor t   for   th i s   explana t ion .  As 
the   angle   of   a t tack of t h e   p l a i n  wing is increased  from 13.9O to  19. l0 ,   the   f low a t  
t h e  wing t i p  becomes sepa ra t ed   a s   i nd ica t ed  by the   a lmost   cons tan t   p ressure   d i s t r ibu-  
t ion   across   the   chord .  However, with  the SLEF a t t ached ,   t he  wing t i p   h a s  a broad 
low-pressure  region a t  q = 0.90 for   an  angle  of a t t a c k  of 17.2O. This  low-pressure 
region is cons is ten t   wi th   the   p resence  of a r o t a t i n g   o r   v o r t e x   f l o w   i n   t h e   t i p  
region. 

I n  general ,   then,  the  oil-flow  photographs  and  the wing p res su re   d i s t r ibu t ions  
f o r  a Mach number of 0.60 i n d i c a t e   t h a t   t h e   a d d i t i o n  of t he  SLEF produces  very  sig- 
n i f ican t   changes  i n  the  f low a t  high  angles  of  attack.  These  changes  appear  favor- 
ab le  and h e l p   t o   e x p l a i n   t h e  i m p r o v e d   d r a g   c h a r a c t e r i s t i c s   a t   h i g h   l i f t  when the  SLEF 
i s  added t o   t h e  wing. 

Aerodynamic c h a r a c t e r i s t i c s   a t  M = 0.85.- The e f f e c t  of  the SLEF a t  a Mach 
number of  0.85 is shown i n   f i g u r e s  7 and  8.  Figure 8  shows t h e   r e s u l t s   f o r   t h e   l a r g e  
and  the  small  SLEF wi th   zero   def lec t ion .  The l a rge  SLEF has  the  fence removed  and 
the  small SLEF has   the  fence  a t tached.  The l a rge  SLEF considerably  improves  the  drag 
po la r  a t  t h e   h i g h   l i f t   c o e f f i c i e n t s .  For  example, a t  a l i f t   c o e f f i c i e n t  of 1.0, t he  
d r a g   c o e f f i c i e n t  is reduced by about 0.04 (400  counts) .  With zero-def lect ion  angle ,  
t he   l a rge  SLEF causes  only a s m a l l   i n c r e a s e   i n   d r a g   a t   t h e  low l i f t   c o e f f i c i e n t s .  
The small SLEF produces no real b e n e f i t   f o r   a n y   l i f t   c o e f f i c i e n t .  When the  SLEF are 
d e f l e c t e d   t o  2 0 ° ,  as shown i n   f i g u r e  7 ( fences   a t tached) ,   ne i ther   the   l a rge   nor   the  
small  SLEF produces a s ign i f i can t   bene f i t   w i th in   t he   r ange  of   these  data .  

Although s u f f i c i e n t   f o r c e   d a t a  were  not  obtained to  i d e n t i f y   c l e a r l y   t h e   e f f e c t  
of  the  fence a t  a Mach number of   0 .85,   the   experimental   resul ts   suggest   that  a l a r g e  
f l ap   chord  and   zero   def lec t ion   a re   p referab le  a t  a Mach number  of  0.85. This  con- 
t r a s t s   w i t h   t h e   r e s u l t s   f o r  a Mach number of 0.60 where some f l a p   d e f l e c t i o n  was 
found t o  be b e n e f i c i a l   a n d   t h e   e f f e c t  of f lap   chord   l ength  w a s  found to be neg l ig i -  
b l e .  A t  any rate, t h e   l a r g e  SLEF with zero def lec t ion   and   wi th   the   fence  removed 
produces   s izab le   reduct ions   in   the   d rag  a t  high l i f t   f o r  a Mach number of  0.85. 

Figures 7 and 8 show t h a t   f o r  a Mach number of  0.85, t h e   e f f e c t  of t he  SLEF on 
the   p i t ch ing  moment is small. 
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Oil-flow  photographs  and  wing pressure d i s t r i b u t i o n s  a t  M = 0.85.- Oil-flow 
photographs  and  pressure  dis t r ibut ions  can  again  be  used to  ob ta in  some understanding 
of   the  inf luence  of  the SLEF on the  flow.  Oil-flow  photographs  showing  the  effects 
of t h e   b e s t  SLEF a t  a Mach number of 0.85 ( l a r g e  SLEF wi th   ze ro   de f l ec t ion )  are pre-  
s e n t e d   i n   f i g u r e  11,  and  pressure  distributions  which  approximately  correspond  to 
some of the  same condi t ions  are shown i n   f i g u r e s   9 ( c )  and  9(d) .  

Figure 11 ind ica tes   tha t   for   an   angle   o f   a t tack   of  8.97O, the   f low on the  upper 
su r face  of t he  wing is a lmos t   en t i r e ly   a t t ached .  There is some evidence  of a snag 
vortex  emanating  from  the  inboard  edge  of  the SLEF. 

As the   angle   of   a t tack is increased  to 12.67O, t h e   o i l - f  low photographs 
( f i g s .  l l ( c )  and l l ( d ) )  and t h e   p r e s s u r e   d i s t r i b u t i o n s   ( f i g .   9 ( c ) )   d e f i n e   t h e   l o c a -  
t i o n  of a system  of  shock  waves. On the  inboard  region  of  the wing there   appears  t o  
be a forward  and a n  a f t  shock wave which  run  out  the  span  and merge i n t o  a s i n g l e  
shock wave on the  outboard  region  of  the wing.  These  shock  waves  thus  form a  lambda 
p a t t e r n ,  and f i g u r e s   l l ( c )  and l l ( d )  show t h a t   t h e   f l o w   s e p a r a t e s   a t   t h e   p o r t i o n  of 
t h i s  "lambda  shock"  which  runs  approximately  parallel  to  the wing t r a i l i n g   e d g e .  
When the  SLEF is added to  the  wing, the  f low  separat ion  on  the  outboard  region of t he  
wing is reduced  and,   as   seen  in   f igure  8 ,   th is   reduct ion  corresponds  with a reduct ion  
i n  drag ( C  IJ 0.9). A reasonable   explanat ion  for   the  reduced  f low  separat ion is the  
presence 04 a separat ion  bubble  on the  SLEF i t s e l f .  It appears   ( f ig .  11 ( d )  ) t h a t   t h e  
ro t a t ing   f l ow  in   t he   s epa ra t ion   bubb le   has   s c rubbed   t he   o i l  from p a r t  of t he  SLEF and 
p o o l e d   t h e   o i l   i n t o  a l ine  running  a long  the SLEF. This  bubble would  modify the  
e f f e c t i v e  wing leading-edge  geometry  and may, therefore ,   produce a f avorab le   i n f lu -  
ence on the  transonic-flow  development  over  the  outboard  sections.  The dominant 
inf luence  for   reduced  separat ion,   however ,  may be the  presence  of a series of  stream- 
wise   vor t ices  as ind ica t ed  by the  series of discrete lines  running  streamwise  and 
ending   in   the  w a v y  l ine  a long  the  boundary  between  the  a t tached and separa ted  f l o w s .  
The differing'   motions  of  the  rotating  bubble  f low  and  the  mainstream  flow would 
explain  the  development  of a shear   l ayer  which  would p roduce   t h i s   s e r i e s  of  stream- 
wise   vor t ices .  (See r e f .  1 1 . )  This phenomenon sugges ts   the  use  of o the r  means f o r  
the  generation  of a s e r i e s  of  streamwise  vortices  which would not  depend on the  
pecul ia r   condi t ions   requi red   for  a leading-edge  separation  bubble.  

Figures 1 1  ( e )   t o   l l ( h )  show t h e   e f f e c t s  of t he  SLEF on the   f low  pa t te rn  a t  
h i g h e r   l i f t   c o e f f i c i e n t s  (CL 2 1 )  where the  SLEF produced  even  larger   reduct ions  in  
drag.   %e  dominant   effect  of the  SLEF on the   sur face   f low is to   gene ra t e  a co r r ido r  
of generally  chordwise  flow  which  emanates  from  the  inboard  edge of t he  SLEF. This 
chordwise  f low  appears  to be the  r e s u l t  of the  snag  vortex,  which is a l ready   ev ident  
a t  an  angle  of  at tack of 8.97O. (See   f ig .  1 1  ( b ) . )  A t  a n  angle   of   a t tack  of  14.83O 
with  the SLEF removed, t he   o i l - f low  pa t t e rn  shows  a shock wave extending  across   the 
inboard  region of the  wing to   abou t  q = 0.50 with  x/c  varying  from  about 0.2 
t o  0.3. (See   f ig .  I l ( e l . 1  It is i n t e r e s t i n g  t o  n o t e   t h a t  when the  SLEF i s  added t o  
the  wing ( f i g .   l l ( f ) ) ,   t h e   s n a g   v o r t e x   a p p e a r s  t o  penetrate  through  the  shock wave. 

F igure   9 (d)  shows t h e   e f f e c t  of  the SLEF on the  wing p r e s s u r e   d i s t r i b u t i o n   f o r  a 
l i f t   c o e f f i c i e n t  of  unity.  The f low  separat ion  over   the  inboard  region  of   the wing 
seems t o  have  been  somewhat  reduced, as evidenced by t h e  improved  flow  compression 
near   the wing t r a i l i n g   e d g e .  
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VG R e s u l t s  

Aerodynamic c h a r a c t e r i s t i c s   a t  M = 0.60  and 0.85.- Figures 12  t o  14 show t h e  
e f f e c t s  of   the  vortex  generators  (VG) on the   longi tudina l   aerodynamic   charac te r i s t ics  
of the   conf igu ra t ion -1   supe rc r i t i ca l  wing a t  a Mach number of  0.60. Figure 1 2  shows 
t h e   e f f e c t  of VG toe- in   angle  4. The VG a r e  mounted a t  q = 0.50 and  0.75.  With 
the   toe- in   angle  set  a t  O o ,  t he  VG produce a s i g n i f i c a n t   d r a g   r e d u c t i o n   a t   h i g h   l i f t  
coe f f i c i en t s   (0 .02   r educ t ion   i n  CD a t  CL = 0.96),  and  there is almost no drag  
pena l ty  a t  low l i f t   c o e f f i c i e n t s .  A toe-in  angle  of 5O produces  only a modest  addi- 
t i o n a l  amount  of drag  reduct ion,  and there  is some drag   pena l ty  a t  low l i f t   c o e f f i -  
c i e n t s .  With the   t oe - in   ang le   i nc reased   t o   l oo  , the   drag is  higher  than  with zero 
toe-in.  

F i g u r e   1 3   i l l u s t r a t e s   t h e   e f f e c t  of  spanwise  location  and  the number of VG. 
Vortex  generators  placed a t  only q = 0.75 reduce  drag a t  high l i f t   c o e f f i c i e n t s ;  
however, when they are placed a t  both q = 0.50 and 0.75, they  reduce  drag  even more 
a t  t h e s e   h i g h   l i f t   c o e f f i c i e n t s .   V o r t e x   g e n e r a t o r s   p l a c e d   i n b o a r d   a t   o n l y  q = 0.50 
produce a d r a g   p e n a l t y   a t  some maneuver l i f t   c o e f f i c i e n t s .  

When cons ider ing   the  results ove r   t he   en t i r e   r ange   o f   l i f t   coe f f i c i en t s ,  VG wi th  
a toe-in  angle  of Oo and  located a t  both q = 0.50  and  0.75 appear   to  be t h e   b e s t  
ove ra l l   cho ice .  For the  sake  of c lar i ty ,  the  results f o r   o n l y   t h i s  VG arrangement 
and the   p l a in  wing (VG o f f )   a r e   r e p e a t e d   i n   f i g u r e  14 .  Figure  16(a)   presents   corre-  
s p o n d i n g   w i n g   p r e s s u r e   d i s t r i b u t i o n s   a t   l i f t   c o e f f i c i e n t s   c l o s e   t o  u n i t y .  The VG 
appear  to  have  reduced  the  f low  separation  near  the wing t i p .  

Figure  15 shows t h e   e f f e c t s  of the  VG a t  a Mach number of  0.85. The VG a r e  
located a t  q = 0.50  and  0.75  and  have zero  toe-in.  There is some drag  reduct ion 
f o r  a small   range  of  conditions a t  h i g h   l i f t ,   a l t h o u g h   t h e   b e n e f i t s   a r e   n o t  as g r e a t  
as a t  a Mach number of  0.60.  Corresponding  wing  pressure  distributions  for a Mach 
number  of  0.85 a r e  shown i n   f i g u r e   1 6 ( b )   f o r  a l i f t   c o e f f i c i e n t  of about  0.9. The 
p r e s s u r e   d i s t r i b u t i o n   a t  q = 0.80 i n d i c a t e s   t h a t   t h e  VG have  reduced  the  flow  sep- 
a r a t i o n   a t   t h a t   s p a n   s t a t i o n .  

A t  both Mach numbers, t he  VG have  produced  minor  changes i n   t h e   p i t c h i n g  moment. 
(See   f igs .  1 2  to   15 . )  

Both the  SLEF and the  VG have  produced  significant  drag  reductions a t  high l i f t  
c o e f f i c i e n t s .  However, a comparison  of  the results for   these  leading-edge  devices  
c l e a r l y  shows t h a t   t h e  SLEF produced much la rger   d rag   reduct ions  on conf igura t ion  2 
than  the VG produced on conf igura t ion  1. (Compare f i g s .  6 and 8 wi th   f i g s .  1 4  
and  15.) When the  VG ( loca t ed  a t  q = 0.50 and  0.75 with 41 = Oo) were t e s t e d  on 
conf igura t ion  2 ( r e f .  41, it was found that   they  did  not   produce any s i g n i f i c a n t   d r a g  
r educ t ion   i n   t he  Mach number range  from 0.60 t o  0.95. 

Mini tuf t   f low-visua l iza t ion   s tud ies . -   F igure  17 p resen t s  some results obtained 
from the  use  of   the   f luorescent   mini tuf  ts. The minituf ts were  used t o   s t u d y   t h e  
e f f e c t s  of t he  VG on t h e   f l o w   p a t t e r n   a t  a Mach number of  0.85  and f o r   l i f t - c o e f f i -  
c i e n t s  up t o  0.9. When t h e   m i n i t u f t s  were exposed t o   u l t r a v i o l e t   r a d i a t i o n ,   t h e y  
became h i g h l y   v i s i b l e   ( f l u o r e s c e n t )  and were easily  photographed. Figures 17(a )  
and 17(b)  are f o r  a l i f t   c o e f f i c i e n t  of  about 0.6 and   ind ica te   tha t   wi th   the  VG o f f  
t h e r e  is an area of spanwise  flow on the  outboard  region  of  the wing. This a rea  of 
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spanwise  flow appears to  be a separa t ion   bubble  a t  t h e  foot of the shock wave. (See 
also the p r e s s u r e   d i s t r i b u t i o n  a t  = 0.80 i n  f i g .  1 6 ( c )  .)' When the VG are added 
( f i g s .   1 6 ( c )   a n d   1 7 ( b )  , t h e  separation is almost completely  e l iminated;  however, for 
t h i s  l i f t  coe f f i c i en t ,   t he   r educed   s epa ra t ion  d id  n o t  decrease t h e  drag ( f ig .  15) .  

The t u f t   p h o t o g r a p h s   i n   f i g u r e s   1 7 ( c )   a n d   1 7 ( d )   a n d   t h e   p r e s s u r e   d i s t r i b u t i o n s  
i n  f i g u r e   1 6 ( b )  are for  a l i f t  coefficient of  about 0.9. Both types   o f   da t a   i nd ica t e  
t h a t  the VG reduce   the   f low  separa t ion ,   and   f igure   15  shows that t h e  drag is thereby 
reduced  (by  about 0.02 i n   d r a g   c o e f f i c i e n t ) .  

Monofilament  material   with a diameter  of 0.0018 c m  (0.0007  in.) was used to  make 
t h e   t u f t s   f o r   t h e  tests on t h e   p l a i n  wing. However, t h e s e   t u f t s   b r o k e   o f f   i n  areas 
of   the  wing  where t h e r e  w a s  ex tens ive  f l o w  sepa ra t ion .   (See   f i g .   17 (c )  .) Appar- 
ently,   the  high  degree  of  turbulence  fatigued  the  monofilament material. Therefore ,  
a diameter of  0.013 cm (0.005  in.) w a s  used  for   runs  with  the VG attached.  These 
t u f t s   s t a y e d  on t h e  wing much longer  and s t i l l  posses sed   adequa te   f l ex ib i l i t y  t o  
respond  to   the  f low.  

A s  mentioned in   t he   s ec t ion   en t i t l ed   "Appara tus   and  Tests,'' t u f t   l e n g t h s  of 1 c m  
(0.4 in.)   and 1.5 cm (0.6  in . )  were used on t h e   r i g h t   a n d   l e f t   w i n g s ,   r e s p e c t i v e l y .  
(See  f ig .   17.)  Both l eng ths   d i sp l ayed   adequa te   f l ex ib i l i t y .  

The e f f e c t  o f   the   min i tuf t s   on   the  force d a t a  i s  shown i n   f i g u r e  18 .  The mini- 
t u f t s   c a u s e d  a s i g n i f i c a n t   d r a g   r e d u c t i o n  on t h e   p l a i n  wing a t  high l i f t   c o e f f i -  
c ien ts .   Apparent ly ,   for   these   condi t ions ,   the   min i tuf t s  were a c t i n g   l i k e  a multi- 
tude   o f   vor tex   genera tors .  (See f i g .  18(a) . )  With t h e  VG a t t a c h e d  t o  t h e  wing 
( f i g .  1 8 ( b ) ) ,  t h e   e f f e c t  of   the  mini tuf ts   var ied  f rom  no  change  in  t o  a n  
i n c r e a s e   i n  C,, of  about 0.0030 (30   counts ) .  The e f f e c t  of t h e   m i n l t u f t s  on t h e  
fo rce   da t a  may be a t t r i b u t e d  t o  t h e   s i z e  of t h e   t u f t s   o r   t h e   s i z e  of   the   g lue   do ts .  
F u r t h e r   s t u d i e s  are required;  however, t h e   p r e s e n t   r e s u l t s   i n d i c a t e   t h a t  i t  may be 
d i f f i c u l t   t o   o b t a i n   f o r c e   d a t a  and tu f t   f l ow-v i sua l i za t ion   da t a   s imu l t aneous ly  a t  
t r a n s o n i c  maneuver condi t ions  . 

CD 

CONCLUSIONS 

Wind-tunnel tests have  been  conducted t o  examine  the  use  of wing leading-edge 
devices  for improved  subsonic  and  transonic maneuver  performance.  These  devices were 
t e s t ed   on  a f igh ter   conf igura t ion   which   u t i l i zed   supercr i t ica l -wing   technology.  The 
fol lowing  conclusions  are   presented:  

1 .  The sharp  leading-edge  f laps  (SLEF) produced a system  of   vort ices   on  the 
upper   surface of t h e  wing  which g r e a t l y   a l t e r e d   t h e   f l o w   p a t t e r n  a t  
subsonic   and   t ransonic  maneuver condi t ions .  The a l t e r e d   f l o w   p a t t e r n s  
r e s u l t e d   i n   s u b s t a n t i a l l y   r e d u c e d   d r a g .  

2. A t  a Mach number of 0.60, i nc reas ing   t he   f l ap -de f l ec t ion   ang le   r educed   t he  
drag. The in f luence   o f   f l ap   chord  was much less than   the   in f luence  of 
f lap-def   l ec t ion   angle .  A t  a Mach number of 0.85, t h e   l a r g e  f lap  chord  with 
zero-deflection  angle  produced a s i g n i f i c a n t   d r a g   r e d u c t i o n .  

' A l l  p r e s su re   da t a  were ob ta ined   w i th   t u f t s  removed. 
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3. The SLEF had a minor effect on t h e   p i t c h i n g  moment. 

4. A fence   a t tached  to  the  inboard  edge  of  the SLEF had a n e g l i g i b l e   e f f e c t  a t  a 
Mach number of 0.60. 'Ihe effect of t h e  fence w a s  n o t   s p e c i f i c a l l y  
determined a t  a Mach number of 0.85; however, t h e  SLEF worked w e l l  wi thout  
a fence  a t  t h i s  Mach number. 

5. The vo r t ex   gene ra to r s  (VG) reduced  the  drag a t  maneuver- l i f t   condi t ions   for  
Mach numbers of 0.60 and 0.85; however, t h e  VG w e r e  more e f f e c t i v e  a t  a 
Mach number of 0.60. 

6. The VG had a minor e f f e c t  on   the   p i tch ing  moment. 

7 .  A t  a Mach number of 0.60, s e t t i n g   t h e  VG a t  a toe- in   angle   of  5 O  ( toward  the 
fuselage)   produced a r e l a t i v e l y  small add i t iona l   d rag   r educ t ion   r e l a t ive  to  
zero  toe- in .  A toe-in  angle  of  loo  produced  higher  drag  than  zero  toe-in.  

8. Vortex  generators   located a t  only 75 pe rcen t  of the  semispan  reduced  drag 
a t  h i g h   l i f t   f o r  a Mach number of  0.60; VG loca t ed  a t  both  the 50- and 
75 -pe rcen t   s emispan   s t a t ions   r e su l t ed   i n  a larger   drag  reduct ion.   Vortex 
genera tors   loca ted  a t  only  the  50-percent   semispan  s ta t ion  increased  drag 
a t  some h i g h - l i f t   c o n d i t i o n s .  

9. F luo rescen t   min i tu f t s  were used a t  t r anson ic  maneuver c o n d i t i o n s   t o   i d e n t i f y  
regions  of   f low  separat ion.  The t u f t s   c a u s e d   s i g n i f i c a n t   c h a n g e s   i n   t h e  
f o r c e  data . 

Langley  Research  Center 
National  Aeronautics  and  Space  Administration 
Hampton, VA 23665 
January  19,  1983 
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TABLE I.- GENERAL GEOMETRIC  CHARACTERISTICS  OF MODEL 

Wing ( re ference   t rapezoid   ex tended  t o  c e n t e r   l i n e ) :  
Sweepback of leading  edge. deg ................................................. 45 
Sweepback of t r a i l i n g  edge. deg ............................................. 11.90 
Aspect ratio ................................................................ 3.28 
Taper ra t io  ................................................................. 0.2142 
Area. m2 ( f t2) ...................................................... 0.140 (1.504) 
Span. c m  ( in . )  .................................................... 67.686 (26.648) 
Mean aerodynamic  chord. c m  ( i n . )  .................................. 23.518 (9.259) 
Wing s t a t i o n   o f  mean aerodynamic  chord. c m  ( i n . )  .................. 13.272  (5.225) 
Fuse lage   s t a t ion  of 25-percent  wing mean 

aerodynamic  chord. c m  ( i n . )  ..................................... 52.426 (20.640) 
Root  chord. c m  ( i n . )  .............................................. 33.993 (13.383) 
Tip  chord. cm ( i n . )  ............................................... 7.282 (2.867) 
Dihedral.  deg .................................................................. 0 
Twist (washout from root to  t i p ) .  deg .......................................... 10 
Incidence ( root ) .  deg .......................................................... 1 

Vertical  t a i l  (exposed  t rapezoid) :  
Sweepback  of leading  edge.  deg ................................................. 61 
Aspect r a t io  ............................................................... 0.856 
T a p e r   r a t i o  ................................................................ 0.2854 
Ratio  of t a i l  area to  wing area ............................................ 0.168 
Span. c m  ( i n . )  .................................................... 14.145  (5.569) 
R o o t  chord. c m  ( i n . )  .............................................. 25.718 (10.125) 
Tip  chord. c m  ( i n . )  ............................................... 7.341 (2.890) 
A i r f o i l   s e c t i o n  ................................... 4-percent   c i rcular-arc   biconvex 

Vortex generator   (one  of   four) :  
Aspect r a t i o  ............................................................... 0.778 
Taper r a t io  .................................................................... 1 
Area. c m 2  ( i n 2 )  ....................................................... 4.06 (0.63) 
Ratio of area of t w o  vor tex   genera tors  to  

wing  semispan area ....................................................... 0.012 
Span. c m  ( i n . )  ........................................................ 1.78  (0.70) 
R o o t  chord. c m  ( i n . )  .................................................. 2.29 (0.90) 
Tip  chord. c m  ( i n . )  ................................................... 2.29 (0.90) 
A i r f o i l   s e c t i o n  (streamwise) .......................................... NACA 64A006 

Sharp  leading-edge flaps (one  of t w o )  : 

Sma 11 Tapered  Large 
Ratio of f lap area to  

wing  semispan area .............. 0.01 6 0.024 0.032 
Span. c m  ( i n . )  .................... 14.88 (5.86) 14.88  (5.86) 14.88 (5.86) 
Root chord. c m  ( i n . )  .............. 0.76  (0.3) 0.76 (0.3) 1.5 (0.6) 
Tip  chord. c m  ( i n  . 1 ............... 0.76 (0.3) 1 . 5  (0.6) 1.5 (0.6) 

Fuselage : 
Flow-through i n l e t  area. c m 2  ( i n 2 )  ................................. 23.01 9  (3.568) 

Base area. c m 2  ( i n 2 )  ............................................... 28.852 (4.472) 
Flow-through e x i t  area. c m 2  ( i n 2 )  .................................. 18.871 (2.925) 
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TABLE 11.- INTERNAL DRAG CHARACTERISTICS 

-0.02 
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7.99 
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F1 ap  plan  forms 

” 
CC 

Flap deflection w i t h  typical  fence  (streamwise) 

(c) Sharp leading-edge  f laps.  

Figure 1 .- Continued. 
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VG l o c a t i o n  and toe - in   ang les  

Edge sharp (30' i nc luded  ang le )  

D e t a i l s  o f  VG ( s e c t i o n  A-A) 

Edge sharp (30' i nc luded  ang le )  

D e t a i l s  o f  VG ( s e c t i o n  A-A) 

(e )  Vortex generators. 

Figure 1 .- Continued. 
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L-83-10 

(a) Large SLEF on configuration 2. Three-quarter f r o n t  view; 6f = l o0 .  

Figure 2.- Photographs of the SMF-2 model i n s t a l l e d  in the Langley 7- by 10-Foot 
High-speed Tunnel. 
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41 



-3 r 

O t  

d 
1 

-3 

-2 

c p  -1 

0 

1 

-3 r SLEF Fence a, deg CL 

0 Off Off 19.1 1.025 
[7 O n  On 17.2 1.027 

CP 

d d 

n = 0.30 

d Gf 

0- 
6 d 

1 .I 
0 . I  .2 .3 .4 .5 .6 .7 .8 .9 1.0 

x / c  

(b) M = 0.60. Small SLEF; 6, = 2 0 ° ;  % CJ 1.03. 

Figure 9." Continued. . 

4 2  



q = 0.90 

cp -1 : : 3 Q  

Or 1 

c p  -1  

"t. 1 

d 
8 o e  f=J 0 

d 

q = 0.80 

d 

Q 0.45 

SLEF Fence a, des CL 

0 Off Off 12.7 0.893 

Q = 0.30 -3c -2 

d d 

(c) M = 0.85. Large SLEF; 6 ,  = oo; CL = 0.9. 

Figure 9 .- Continued. 

43 



-3 r 
q = 0.90 

O L  1 

-3 

c p  -1 - 2 1  

1 

d 

d 

q = 0.80 

d 

q = 0.45 

d d d 

Q = 0.30 

-2 -3 i 

d' 

SLEF Fence a, deg CL 

0 Off Off 15.9 0.998 
0 On Off 14.0 ,999 

d cf 

0 .1 .2 .3 .4 .5 .6 .7 .8 .9 1.0 
x/c 

( d )  M = 0.85. Large SLEF; 6 = Oo;  CL 1.0. 

Figure 9 .- Concluded. 

44 

.. . _. . . . . , , - . . . . . . . . . - . . . . . . . . . - .. -. . . . . ... " ... 



L-83-12 

( a )  SLEF off;   fence  off;  a = 8 .39O.  

Figure 10.- Photographs of oil-flow  patterns on wing  upper surface a t  M = 0.60 
w i t h  and without  the small SLEF. hf = 20°;  configuration 2. 
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L-83-13 

(b) SLEF on;  fence  on; a = 8.39O. 

Figure 10.- Continued. 



L-83-14 

( c )  SLEF on; fence   o f f ;  a = 8.39O. 

Figure 10.- Continued. 
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L-83-16 

( e )  SLEF on; fence on; a = 13.88'. 

Figure 10.- Continued. 
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L-83-17 

( f )  SLEF o f f ;   f ence  o f f ;  a = 17.18O. 

Figure 10.- Continued. 
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L-83-18 

(9) SLEF on; fence on; Q: = 17.18O. 

Figure 10.- Continued. 
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L-83-19 

(h) SLEF on;  fence o f f ;  a = 17.18O. 

Figure 10.- Continued. 
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L-83-20 

(i) SLEF off; fence off;  a = 20.07O. 

Figure 10.- Continued. 
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L-83-21 

(j 1 SLEF on; fence  on; a = 20.07O. 

Figure 1 0. - Concluded. 
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L-83-22 

(a) SLEF o f f ;  a = 8.97O. 

Figure 1 1  .- Photographs of o i l - f low  pa t t e rns  a t  M = 0.85 with and without  
t he   l a rge  SLEF. 6 ,  = Oo; fence   o f f ;  conf igura t ion  2. 
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L-83-23 

(b) SLEF on; a = 8.97O. 

Figure 1 1  .- Continued. 
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L-83-24 

(c) SLEF off; a = 12.67O. 

Figure ? 7 .- Cont inued .  
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L-83-25 

( d )  SLEF on; a = 12.67O. 

Figure 1 1  .- Continued. 
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L-83-26 

(e) SLEF of f ;  a = 14.83O. 

Figure 11 .- Continued. 
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L-83-27 

(f SLEF on; a = 14.83O. 

Figure 1 1 .- Continued. 
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L-83-29 

(h) SLEF on; a = 18.03O. 

Figure 1 1 .- Concluded. 
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